To better characterize the effects of 24-hour mechanical ventilation on diaphragm, the expression of myogenic transcription factors, myosin heavy chains, and sarcoplasmic/endoplasmic reticulum calcium-ATPase pumps was examined in rats. In the diaphragm of mechanically ventilated animals, the mRNA of MyoD, myosin heavy chain-2a and -2b, and sarcoplasmic/endoplasmic reticulum calciumATPase-1a decreased, whereas myogenin mRNA increased. In the diaphragm of anesthetized and spontaneously breathing rats, only the mRNA of MyoD and myosin heavy chain-2a decreased. MyoD and myogenin protein expression followed the changes at the mRNA, whereas the myosin heavy chain isoforms did not change. Parallel experiments involving the gastrocnemius were performed to assess the relative contribution of muscle shortening versus immobilization-induced deconditioning on muscle regulatory factor expression. Passive shortening produced no additional effects compared with immobilization-induced deconditioning. The overall changes followed a remarkably similar pattern except for MyoD protein expression, which increased in the gastrocnemius and decreased in the diaphragm while its mRNA diminished in both muscles. The early alterations in the expression of muscle protein and regulatory factors may serve as underlying molecular basis for the impaired diaphragm function seen after 24 hours of mechanical ventilation. Whether immobilization-induced deconditioning and/ or passive shortening play a role in these alterations could not be fully unraveled.
function increased with the time spent on the ventilator (3, 4) . Conversely, maximal transdiaphragmatic pressure generated during phrenic nerve stimulation was decreased after 24 hours of controlled mechanical ventilation and myofibril damage occurred after 3 days (4). Furthermore, a decrease in diaphragm fiber cross-section was noticed as early as after 18-24 hours of controlled mechanical ventilation, although the diaphragm mass remained unchanged (2, 5) . The concomitantly decreased diaphragm protein levels, increased proteasome activity (5) , and reduced insulin-like growth factor-I mRNA levels (2) suggest that an atrophy process would likely follow.
The question how mechanical ventilation affects the inspiratory muscles in patients with normal or already curtailed inspiratory muscle function appears to be of great clinical relevance but is difficult to assess in patients. Therefore, this study was performed (1 ) to further characterize the effects of mechanical ventilation on the diaphragm in terms of expression of transcription factors and key muscle proteins and (2 ) to unravel which of the consequences of mechanical ventilation, immobilization-induced deconditioning, or rhythmic passive shortening might be responsible for these effects. To address the first question, we measured the mRNA levels and/ or the protein levels of several factors that possibly influence diaphragm function directly or indirectly. These factors included (1 ) myogenic regulatory factors, as these transcription factors are known to stimulate myogenesis (6) and the change in MyoD/myogenin ratio may drive muscle fiber phenotype adaptation (7) (8) (9) ; (2 ) the Id-type inhibitors of DNA-binding protein that are known inhibitors of myogenesis (10) (indeed, the inhibitor of DNA-binding protein-1 has been proposed as a mediator of muscle disease atrophy [11] ); (3 ) myosin heavy chain and sarcoplasmic/endoplasmic reticulum calcium ATPase isoforms, as they are two of the main proteins having an impact on, respectively, the rate of muscle force development and relaxation; and (4 ) acetylcholine receptor, as it is a good marker of decreased nerve-evoked electrical activity (12) . In particular, the expression of the acetylcholine-receptor ␣-subunit was found to be regulated by myogenic factors (13) (14) (15) .
To address the second question, the gastrocnemius muscle was either immobilized or subjected to passive shortening in the same range as experienced by the diaphragm during mechanical ventilation.
We hypothesized that (1) mechanical ventilation would alter the expression levels of contractile proteins and transcription factors and (2) immobilization-induced deconditioning and/or passive shortening would be implicated in the diaphragm alterations seen after mechanical ventilation.
METHODS Experimental Procedures and Study Design
Two series of experiments were conducted. First, we examined the consequences of 24 hours of mechanical ventilation on the expression of several factors in the diaphragm. Second, we determined the effects of 24 hours of rhythmic passive shortening and immobilization-induced deconditioning on the expression levels of these factors in the gastrocnemius. The mRNA and/or the protein expression levels of a number of factors were examined in the diaphragm and the gastrocnemius. These factors include the muscle regulatory factors (myogenic determination or MyoD, myogenin, myf-5; herculin or MRF4), the inhibitors of DNA-binding proteins, the myosin heavy chain isoforms, the sarcoplasmic/endoplasmic reticulum calcium ATPase pumps, and acetylcholine receptor ␣-subunit.
Effects of mechanical ventilation on the diaphragm. In the mechanical ventilation study, 52 male Wistar rats were randomly divided into three groups: (1 ) a control group, where no intervention was performed (n ϭ 10); (2 ) anesthetized and spontaneously breathing rats in which the same surgery was performed as in the animals under mechanical ventilation (n ϭ 26); and (3 ) anesthetized and mechanically ventilated animals (n ϭ 16). These were the same animals as in a previous publication (2) .
Effects of immobilization and rhythmic passive shortening on the gastrocnemius. In this study, 12 animals were instrumented as in the mechanical ventilation study, but in addition, both hindlimbs were immobilized. Whereas the right hindlimb was only immobilized, the left hindlimb was also passively moved rhythmically (Figure 1) . A ventilator (Harvard pump) was adapted such that it allowed attachment to the left hindlimb of the rat. Movements of the piston were translated into movements of the foot, producing thereby passive shortening of the gastrocnemius at 55 movements per minute. The device was calibrated such that the degree of shortening was approximately 10% of resting muscle length, a change in length similar to the one undergone by the diaphragm during mechanical ventilation (16) . The moved hindlimb was compared with the contralateral side, which was immobilized at resting position and underwent the effects of anesthesia and immobilization-induced deconditioning. The gastrocnemius muscle from the freely moving and ad libitum fed animals from the mechanical ventilation study served as the true control group.
Common procedures. Except for the control rats, all animals were initially anesthetized with sodium pentobarbital and were tracheotomized, and their body temperature was continuously monitored with an internal probe and maintained at 37ЊC. During the 24 hours, continuous infusion of anestheticum and heparin was given via the right jugular vein and carotid artery, respectively, using pressure pumps (Pilot A2; Fresenius, Schelle, Belgium). Constant levels of anesthesia were controlled throughout the experiment by evaluating foot reflex, corneal reflex, arterial blood pressure, and breathing pattern (for the spontaneously breathing group). Animals also received enteral nutrition, including vitamins and minerals that were administered via a gastric tube. Animals breathed humidified air enriched with O 2 and maintained at 37ЊC. Me- Figure 1 . Experimental setup of the rhythmic passive shortening study. The rat is tracheotomized and breathed humidified air enriched with O 2 and maintained at 37ЊC. During the 24 hours, continuous infusion of anestheticum (nembutal) and heparin was given via the right jugular vein and carotid artery, respectively. In addition, both hindlimbs were immobilized, but while the right hindlimb was solely immobilized (data not shown), the left hindlimb was also passively moved rhythmically. Passive shortening of the left hindlimb occurred at 55 movements per minute (f ϭ frequency). The device was calibrated such that the degree of gastrocnemius shortening was approximately 10% of resting muscle length, a change in length similar to the one experienced by the diaphragm during mechanical ventilation.
chanically ventilated rats were ventilated with a respiratory rate of 55 breaths per minute.
After completion of the 24 hours, blood gas analysis was performed while diaphragm and gastrocnemius samples were removed and frozen in liquid nitrogen.
Histologic Procedure: Mechanical Ventilation Study Only
For the mechanical ventilation study, a diaphragm sample was fixed to a cork holder with its fibers oriented perpendicularly to the surface and was frozen in isopentane cooled in liquid nitrogen. Serial cross-sections parallel to the cork were stained with hematoxylin and eosin. Qualitative examination of these slides was performed by an expert who was not aware of the experimental design of the study.
mRNA Extraction and Reverse Transcriptase-Polymerase Chain Reaction
Total RNA of diaphragm and gastrocnemius was isolated using the guanidinium isothiocyanate procedure with cesium chloride method (17), as previously described (18) . After reverse transcriptase reaction (Gibco BRL ThermoScript kit; Life Technologies, Merelbeke, Belgium), the first-strand cDNA mixture was subjected to polymerase chain reaction (Perkin Elmer kit, Lennik, Belgium). The number of polymerase chain reaction cycles was adjusted to avoid saturation of the amplification system. Amplification products were identified by their sizes after electrophoresis on 6% (wt/vol) acrylamide gels. After staining with Vistra Green, the fluorescence levels of the bands were quantified by means of a PhosphorImager model 425 (Molecular Dynamics, Sunnyvale, CA). Band intensities of the amplified fragments were normalized to the corresponding cyclophilin A (diaphragm) or L32 (gastrocnemius) amplification signals. No attempts were made to quantify the amount of the different target mRNAs, as reverse transcriptase-polymerase chain reaction is only a semiquantitative technique; only relative measurements are reported in the text.
Myosin Heavy Chain Extraction and Electrophoresis
Myosin heavy chain isoforms from the diaphragm and gastrocnemius from both studies were extracted as previously described (19) . Sodium dodecyl sulfate-polyacrylamide gel electrophoresis with an 8% separating gel containing 30% glycerol and a 4% stacking gel was performed during 24 hours at 270 V and 4ЊC. The gels were stained with silver nitrate (BioRad Silver stain plus kit; BioRad, Richmond, CA), air dried, and scanned. Bands were quantified using a gel documentation software system (Quanti One software; BioRad).
Western Blot Quantification of MyoD and Myogenin
Frozen muscle samples were homogenized according to the protocol of Sakuma and colleagues (20) . Proteins (20 or 50 g) were separated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (4% stacking gel and 12.5% separating gel) and then transferred onto polyvinyldifluoride membranes by semidry blotting. The blots were blocked and incubated with polyclonal rabbit anti-MyoD (sc-760; Santa Cruz Biotechnology, Santa Cruz, CA) and antimyogenin (sc-576; Santa Cruz Biotechnology). Horseradish peroxidase-conjugated rat anti-rabbit IgG (Biosource, Nivelles, Belgium) was used as secondary antibody. After revelation of the bands with tetramethylbenzidine, the blots were scanned and quantified using the Quanti One software (BioRad).
Statistical Analysis
The individual reverse transcriptase-polymerase chain reaction results were normalized to the housekeeping gene mRNA data. All data are presented as mean Ϯ SE. Differences between groups were assessed with one-way analysis of variance followed by Newman-Keuls post hoc test using the GraphPad Prism 3 software.
RESULTS

General Findings
Mortality. In the mechanical ventilation study, 12 animals out of the 16 studied survived the 24 hours in the mechanically ventilated group, whereas only 9 out the 26 studied survived in the spontaneously breathing group. Thus, although mortality was 25% in the mechanically ventilated rats, it was higher in the spontaneously breathing group (65%) because in the latter group overdosing of anesthesia led to apnea and death. For the rhythmic passive shortening study, 10 out of 12 animals survived such that the mortality rate was 16%.
Blood gases and arterial blood pressure. Blood gas analysis showed that Pa O 2 remained in the normal range for the anesthetized animals in the mechanical ventilation study (spontaneously breathing rats, 123 Ϯ 13; and mechanically ventilated rats, 142 Ϯ 13 mm Hg) and in the rhythmic passive shortening study (113 Ϯ 6 mm Hg). This was also the case for Pa CO 2 (spontaneously breathing rats, 31 Ϯ 5; mechanically ventilated rats, 33 Ϯ 5; and rhythmic passive shortening study, 42 Ϯ 2 mm Hg) and pH (spontaneously breathing rats, 7.38 Ϯ 0.02; mechanically ventilated rats, 7.45 Ϯ 0.04; and rhythmic passive shortening study, 7.37 Ϯ 0.02).
Arterial blood pressure was similar in the different groups and averaged 130 Ϯ 7, 104 Ϯ 11, and 128 Ϯ 8 mm Hg for the spontaneously breathing, mechanically ventilated groups, and the rhythmic passive shortening study, respectively.
Histological Analysis: Mechanical Ventilation Study Only
Qualitative examination of the diaphragm sections stained with hematoxylin and eosin did not reveal any abnormalities in diaphragm histology whatever the condition except for the fact that diaphragm fiber dimensions were smaller in the spontaneously breathing and mechanically ventilated groups.
Reverse Transcriptase-Polymerase Chain Reaction Data
Myogenic regulatory factors.
Mechanical ventilation study. Compared with control group, diaphragm myogenin mRNA levels were significantly increased in the mechanically ventilated group (67%, p Ͻ 0.01 vs. control group), whereas they tended to increase in the spontaneously breathing group (32%, p ϭ NS) ( Figure 2A ). Myf-5 mRNA increased together with myogenin after mechanical ventilation (107%, p Ͻ 0.01 vs. control group); however, it also increased significantly in the spontaneously breathing group (130%, p Ͻ 0.01 vs. control group) (Figure 2A ). In contrast, the level of MyoD mRNA decreased both in the spontaneously breathing rats (Ϫ33%, p Ͻ 0.01 vs. control group) and even more so in mechanically ventilated animals (Ϫ56%, p Ͻ 0.001 vs. control group), the latter being also statistically significantly different from the spontaneously breathing group (p Ͻ 0.05) ( Figure 2A) . As a consequence, compared with control group, the MyoD/ myogenin ratio, which may reflect the ongoing changes in isoform switch, decreased significantly in the spontaneously breathing group (Ϫ34%, p Ͻ 0.05 vs. control group) and more particularly after mechanical ventilation (Ϫ70%, p Ͻ 0.001 vs. control group) ( Figure 3A ). In addition, this ratio was significantly decreased by 53% in the mechanically ventilated group compared with the spontaneously breathing group (p Ͻ 0.01 vs. spontaneously breathing). mRNA levels of MRF4, a factor involved in the later stages of myogenic transformation pathway, remained unchanged ( Figure 2A) .
Rhythmic passive shortening study. Passive shortening combined with immobilization caused a significant reduction in gastrocnemius MyoD mRNA only (Ϫ23%, p Ͻ 0.05 vs. control group). However, after immobilization alone, a slightly more pronounced decay was observed (Ϫ44%, p Ͻ 0.001 vs. control group, and Ϫ21%, p Ͻ 0.05 vs. immobilization and passive shortening) ( Figure 2B ). It is worth to note that myogenin (immobilization, 52%; immobilization and passive shortening, 70%, p Ͻ 0.05 vs. control group) and myf-5 (immobilization, 34%; immobilization and passive shortening, 29%; p ϭ NS) mRNA increased after immobilization and also after passive shortening ( Figure  2B ), as was also the case in the diaphragm of mechanically ventilated and spontaneously breathing groups ( Figure 2A) . As a result, the MyoD/myogenin ratio decreased similarly after immobilization (Ϫ60%, p Ͻ 0.001 vs. control group) and after immobilization combined with passive shortening (Ϫ51%, p Ͻ 0.001 vs. control group) ( Figure 3B ). MRF4 mRNA did not change whatever the condition.
Inhibitor of the DNA-binding protein isoforms. Mechanical ventilation study. Reverse transcriptase-polymerase chain reaction data showed that inhibitor of DNA-binding protein-1 mRNA levels were significantly and equally reduced both in the diaphragm of mechanically ventilated and spontaneously breathing animals (Ϫ30%, p Ͻ 0.001), whereas inhibitor of DNA-binding protein-2 and inhibitor of DNA-binding protein-3 mRNA showed no changes, and inhibitor of DNA-binding protein-4 mRNA was not detectable.
Rhythmic passive shortening study. In the immobilized and passively moved but also in the solely immobilized gastrocnemius, inhibitor of DNA-binding protein-3 mRNA decreased equally (Ϫ27% and Ϫ25%, respectively, p Ͻ 0.01 vs. control group), whereas the other inhibitor of DNA-binding protein isoform mRNA did not change.
Myosin heavy chain isoforms: mechanical ventilation study only. The fast myosin heavy chain-2a mRNA decreased in the diaphragm of the spontaneously breathing group (Ϫ10%, p Ͻ 0.05 vs. control group) and even more so in the mechanically ventilated group (Ϫ20%, p Ͻ 0.001 vs. control group). The decrease in the latter was moreover significantly different from the spontaneously breathing group (p Ͻ 0.05) ( Figure 4A ). Also myosin heavy chain-2b mRNA decreased, but this reached statistical significance only in the mechanically ventilated animals (Ϫ19%, p Ͻ 0.05 vs. control group) ( Figure 4A ). Myosin heavy chain-1 and myosin heavy chain-2x mRNA did not change during the experiment ( Figure 4A) .
Sarcoplasmic/endoplasmic reticulum calcium ATPase isoforms: mechanical ventilation study only. Sarcoplasmic/endoplasmic re- Figure 3 . MyoD/myogenin ratio in the diaphragm (A ) of control rats (C, n ϭ 9), spontaneously breathing rats (SB, n ϭ 9), and rats under mechanical ventilation (MV, n ϭ 12) and in the gastrocnemius (B ) of control rats (C, n ϭ 9), after immobilization (I, n ϭ 12), and after both immobilization and passive shortening (I ϩ PS, n ϭ 12). Representative ticulum calcium ATPase-1a mRNA, which is characteristic of the fast muscle fibers, decreased significantly only in the diaphragm of the mechanically ventilated group (Ϫ21%, p Ͻ 0.05 vs. control group) ( Figure 4B ). The slow-type sarcoplasmic/endoplasmic reticulum calcium ATPase-2a mRNA did not change in the experiment ( Figure 4B) .
Acetylcholine receptor ␣-subunit: mechanical ventilation study only. The mRNA level of acetylcholine receptor ␣-subunit showed a marked increase in the diaphragm of the spontaneously breathing (140%) and mechanically ventilated (120%) groups ( Figure  4B ). These increases reached statistical significance with one-way analysis of variance (p Ͻ 0.05) but not with the Newman-Keuls post hoc test.
Myosin Heavy Chain Electrophoresis
For both studies, there were no changes in the relative proportion of the different myosin heavy chain isoforms between the different groups. For each study, the proportions of the different myosin heavy chain isoforms are reported in Table 1 .
Western Blot: Analysis of MyoD and Myogenin
Mechanical ventilation study. Compared with the control group, diaphragm MyoD was significantly reduced in mechanically ventilated group (Ϫ49%, p Ͻ 0.05 vs. control group and spontaneously breathing) and remained unchanged in spontaneously breathing animals ( Figure 5 ), whereas myogenin tended to increase (spontaneously breathing, 115%; mechanically ventilated, 59%; p ϭ 0.08).
Rhythmic passive shortening. Compared with the control group, gastrocnemius MyoD was significantly increased after immobilization (40%, p Ͻ 0.01 vs. control group) and also after immobilization and passive shortening (52%, p Ͻ 0.001 vs. control group). For myogenin, a tendency to increase was also observed in both groups (immobilization, 36%; immobilization and passive shortening, 44%) compared with the control group, but these increases failed to reach statistical significance. These changes in protein expression thus did not follow the changes in mRNA expression for MyoD, whereas for myogenin, a close accordance with the mRNA changes was present. 
TABLE 1. PERCENTAGE OF THE DIFFERENT MYOSIN HEAVY CHAIN ISOFORMS IN THE DIAPHRAGM OF THE MECHANICAL VENTILATION STUDY AND IN THE GASTROCNEMIUS OF THE PASSIVE SHORTENING STUDY
DISCUSSION
This study showed that anesthesia, but more particularly controlled mechanical ventilation, alters the mRNA levels of the muscle regulatory factors (MyoD, myogenin), the myosin heavy chain isoforms, and the sarcoplasmic/endoplasmic reticulum calcium ATPase isoforms as early as after 24 hours. The overall pattern of these changes points in the direction of a reduction in the mRNA levels of the fast isoforms of the respective muscle proteins (myosin heavy chain and sarcoplasmic/endoplasmic reticulum calcium ATPase) paralleled by a reduction in the levels of MyoD, whereas the mRNA of myogenin, a factor that is often Figure 5 . Western-blotting data of MyoD in the diaphragm (A) of control rats (C, n ϭ 9), spontaneously breathing rats (SB, n ϭ 9), and rats under mechanical ventilation (MV, n ϭ 12) and in the gastrocnemius (B ) of control rats (C, n ϭ 9) after immobilization (I, n ϭ 12) and after both immobilization and passive shortening (I ϩ PS, n ϭ 12 found together with the slow isoforms of the previously mentioned proteins, is increased. MyoD and myogenin protein expression followed the corresponding changes seen at the mRNA level, whereas no significant changes were noticed in the myosin heavy chain protein isoforms. In addition, our data on gastrocnemius showed that passive shortening did not further affect the expression levels of the studied factors compared with immobilizationinduced deconditioning. These mRNA and protein changes in gastrocnemius were similar in nature to those observed in the diaphragm after mechanical ventilation except for MyoD protein expression, which increased in the gastrocnemius but decreased in the diaphragm. Whether this increase in gastrocnemius MyoD protein is transient and will be followed by a decrease as expected from its mRNA expression is impossible to predict from these data.
The changes observed in this study are likely to be related to the effects of the mechanical ventilation, as blood gas levels and arterial blood pressure, which can influence muscle force and/or transcription rate, remained within the normal range. Infection was unlikely to develop over the 24-hour time period (3, 21) . Although nutritional support was limited to 69 kcal/day (corresponding to 173 kcal/kg/day) in the anesthetized animals, this caloric intake was similar to that used in the study of Powers and colleagues (3) and was much higher than in other animal models of mechanical ventilation where longer duration of mechanical ventilation was performed (50 kcal/kg/day up to 4 days of mechanical ventilation [22] , 30-35 kcal/kg/day up to 5 days of mechanical ventilation [23] , and 100 cal/kg/day up to 1 or 3 days of mechanical ventilation [4] ). That nutritional deprivation may have occurred in our model is possible, but the contribution of undernutrition is probably not essential, as it is well know that undernutrition does not reduce diaphragmatic maximal tetanic tension (24) (25) (26) (27) nor does it affect diaphragmatic insulin-like growth factor-I mRNA (28), whereas both were observed in our model. Moreover, undernutrition even if present would not explain the differences between the spontaneously breathing rats and the rats under mechanical ventilation. Finally, the significant differences between spontaneous breathing and mechanically ventilated groups in the mRNA expression of MyoD/myogenin ratio, myosin heavy chain2a, myosin heavy chain-2b, sarcoplasmic/endoplasmic reticulum calcium ATPase-1a show that although anesthesia itself had an effect on diaphragm properties, it was markedly enhanced by mechanical ventilation.
The myogenic regulatory factors belong to the basic helixloop-helix family and are muscle specific. They form heterodimers with the E proteins, and because they contain a basic DNA-binding domain, they bind DNA in a sequence-specific manner at sites known as E boxes. Because this DNA motif is present in the promoters of many skeletal muscle-specific genes, gene activation is mediated in a myogenic regulatory factor-dependent manner. During embryogenesis, the myogenic regulatory factors stimulate myoblast determination and differentiation (29) . The myogenic regulatory factors have been shown to be negatively regulated by the helix-loop-helix inhibitor of the DNA-binding protein, which lacks the basic DNA-binding domain (10) . Although the role of the myogenic regulatory factors and the inhibitor of the DNA-binding proteins in adult mature skeletal muscles is not fully established, the expression levels of these transcription factors have been shown to be modulated by various types of intervention such as denervation, immobilization, electrostimulation, mechanical loading, and hormone treatment (8, 9, 12, 15) .
Mechanical Ventilation Study
This study is the first showing that 24 hours of controlled mechanical ventilation leads to marked changes in the mRNA levels of key muscle proteins and regulatory factors. For the myosin heavy chain isoforms and the sarcoplasmic/endoplasmic reticulum calcium ATPase pumps, mechanical ventilation led to a reduction in the mRNA levels of the fast isoforms, these effects being independent of anesthesia. These alterations are expected to favor a slow oxidative profile. This is in line with a previous report showing that although all diaphragm fibers atrophied after 18 hours of controlled mechanical ventilation, the effect on type II fibers was greater than on type I fibers (5) . Increases in citrate synthase activity in the diaphragm of mechanically ventilated rats further confirmed that oxidative capacity of the diaphragm increased after short-term controlled mechanical ventilation (30) . In agreement with Shanely and colleagues (5), no significant changes in myosin heavy chain isoform distribution were observed in this study after 24 hours of controlled mechanical ventilation, whereas with more prolonged (3-7 days) mechanical ventilation combined with antibiotic treatment and neuromuscular blockade, an increased proportion of diaphragm fibers coexpressing myosin heavy chain-1 and -2 at the expense of the pure myosin heavy chain-1 population was reported in rats (22) . Caution should, however, be taken, as antibiotics and neuromuscular blocking agents in addition to mechanical ventilation may have contributed to this phenotype adaptation, as they are known to affect inspiratory muscle contractility (31) .
For the muscle regulatory factors, the alterations of MyoD and myogenin mRNA were clearly more pronounced after mechanical ventilation than during anesthesia. Although the role of the myogenic regulatory factors in adult muscle is not well defined, MyoD and myogenin have been reported to be implicated as regulators of fiber phenotype (32) . In fact, MyoD mRNA is predominantly located in fast twitch muscle, whereas myogenin mRNA is mainly found in slow-twitch muscle (8) . Although still controversial, several studies have shown that the MyoD/myogenin is highly correlated with muscle fiber phenotype such that a transformation from slow to fast phenotype was associated with a decreased myogenin and elevated MyoD mRNA expression (32) . Thus, the reduction in the MyoD/myogenin ratio after mechanical ventilation both at the mRNA and the protein levels suggests phenotypic adaptation toward a slower profile. This is in line with the effects observed in this study for the myosin heavy chain isoforms and sarcoplasmic/endoplasmic reticulum calcium ATPase pumps at the mRNA levels. Especially the decrease in myosin heavy chain-2b mRNA observed after mechanical ventilation further underlines the already known strong correlation between MyoD and myosin heavy chain-2b gene expression (33) . However, because of the low levels of myosin heavy chain-2b in the rat diaphragm, the functional implication of this decrease should be interpreted with care. No changes in myosin heavy chain isoforms were observed, however, at the protein level in the diaphragm of the mechanically ventilated rats despite alterations toward a slower profile at the mRNA levels. Alterations in MyoD and/or myogenin expression may induce adaptations in the intrinsic properties of the fiber without altering fiber phenotype (34, 35) . That the diaphragm in mechanically ventilated rats moves toward a slower profile is further confirmed by the data of Shanely and colleagues showing increases in citrate synthase activity after 18 hours of controlled mechanical ventilation without changes in fiber proportion (5) .
Furthermore, caution should also be taken because the role of MyoD/myogenin in regulating myosin heavy chain isoform expression is model dependent, and whereas it seems to be valid for hindlimb unloading, it is not supported in tetrodotoxininduced paralysis or after short-term spinal cord transection (32) . Moreover, although it would be expected that MyoD knockout mice would have reduced proportions of fast fibers, these mice showed a remarkably normal fiber-type distribution (36) . Hughes and colleagues, however, showed that a loss of the MyoD function caused by gene disruption resulted in a subtle shift toward a slower profile in fast muscles (35) . On the other hand, although mice overexpressing myogenin showed no alterations in myosin heavy chain proportion, a shift of enzyme activity from glycolytic to oxidative metabolism was reported in the muscles of these transgenic mice (34) . Nonetheless, the diaphragm seems to behave differently than peripheral skeletal muscle, as recently MyoD deletion has been reported to result in a fast-to-slow shift in the myosin heavy chain phenotype of the diaphragm (37) . This MyoD elimination was associated with a downward shift of the diaphragm force-frequency relationship and a decrease in the maximal tetanic tension. This further supports the view that the downregulation of MyoD seen in our study after mechanical ventilation may have contributed to the previously reported reduction in diaphragm function (2) .
In this study, an increased myf-5 mRNA was also observed, but because this increase was similar in the spontaneous breathing animals and in the rats submitted to mechanical ventilation, it was likely to reflect the effect of anesthesia and/or surgical procedure. Intriguingly, we previously observed similar increases in myf-5 mRNA levels in the diaphragm after surgical procedure and anesthesia in a model of lung volume reduction surgery in hamsters (38) . The functional implication of elevated myf-5 mRNA in these two models is, however, not known, but our present data show that this increase is not specific for mechanical ventilation effects. As MyoD mRNA decreased in our study in both anesthetized groups (but to a greater extent after mechanical ventilation), it might be suggested that the similar increase in myf-5 mRNA in the anesthetized animals represents a compensatory response of myf-5 for this MyoD downregulation. Indeed, in knockout MyoD mice, high levels of myf-5 mRNA have been reported to maintain normal muscle phenotype (36) . This is further supported by the fact that the proportion of the myosin heavy chain isoforms was unaltered in this study. Finally, recent data suggest that like MyoD, myf-5 may also influence myosin heavy chain isoform expression (39) . This further supports the idea that myf-5 may compensate for MyoD downregulation to maintain the normal diaphragm phenotype.
The decrease in the inhibitor of DNA-binding protein-1 mRNA observed in the present study was similar in spontaneously breathing and mechanically ventilated animals, suggesting thereby that this decrease was not caused by mechanical ventilation but was rather related to anesthesia and/or surgical procedure. Similar decreases in the inhibitor of DNA-binding protein-1 mRNA were previously observed in the hamster diaphragm after anesthesia and surgical procedure (38) . As the inhibitors of DNA-binding protein are known to negatively regulate muscle growth, such a decrease in the inhibitor of DNA-binding protein-1 mRNA levels is expected to result in muscle hypertrophy. Whether this decrease in the inhibitor of DNA-binding protein-1 mRNA would be a compensatory mechanism in response to anesthesia and/or surgical procedure cannot be concluded from these data and is beyond the aim of this study.
Rhythmic Passive Shortening Study
This study is the first attempting to develop an animal model examine which of the consequences of mechanical ventilation (immobilization-induced deconditioning or rhythmic passive shortening) may be involved in the diaphragm dysfunction caused by mechanical ventilation. Our data showed that similar results were observed after gastrocnemius immobilization alone or combined with rhythmic passive shortening. More specifically, while MyoD mRNA was decreased, myogenin mRNA was increased as was myf-5 mRNA, although the latter did not reach statistical significance. In contrast, MyoD protein expression did not parallel the changes seen at the mRNA levels as MyoD significantly increased after immobilization and also after immobilization combined with rhythmic passive shortening. That MyoD protein increased while its mRNA decreased may reflect a transient response of MyoD protein that will be followed by a decrease in a later stage as expected from its RNA expression. The potential mechanisms responsible for the discrepancy between MyoD protein and mRNA are not known and are difficult to unravel especially because the regulation of MyoD is still not fully understood. Indeed, it is well known that MyoD is able to autoregulate its own transcription positively and that the turnover of both MyoD protein and mRNA is high (40) . However, the function of this positive feedback loop in vivo is not clear. In fact, discrepancy between MyoD mRNA and protein has previously been reported in limb muscle after denervation (41, 42) and regeneration (43) . Unfortunately, in none of these studies was a rationale for such discrepancy provided. We thus hypothesized that the increased MyoD protein observed in the gastrocnemius in this study may reflect a compensatory mechanism to the decrease in its mRNA to stabilize MyoD protein. On the other hand, knowing that MyoD turnover is high, MyoD effects are probably better related to its protein level rather than to its mRNA level.
The data of this study show that the gastrocnemius is affected by 24 hours inactivity but that the inactivity-induced effects are less pronounced than those observed in the diaphragm probably because more time is needed for the gastrocnemius to be similarly affected by inactivity as compared with the diaphragm. The nature of these effects is, however, similar in both muscles, except for MyoD protein expression, which increases in the gastrocnemius while it decreases in the diaphragm after mechanical ventilation. Whether this would lead to fiber phenotype adaptation at a later stage remains to be determined. Our data also show that 24 hours of gastrocnemius passive shortening did not produce any effects in addition to those induced by immobilizationinduced deconditioning whose effects developed rapidly and predominated during the first 24 hours at least. However, an effect of passive shortening should not be completely excluded as more time might be necessary for the stretch effect to develop.
Finally, caution should be taken when extrapolating conclusions from experiments on the gastrocnemius to the diaphragm, as many anatomical and functional differences exist between these two muscles. However, among all the skeletal muscles, the gastrocnemius was probably the most suitable muscle to examine immobilization-induced deconditioning and passive shortening. Indeed, first it best fits to the diaphragm for what concerns its fiber composition (25) and mRNA content of myogenic regulatory factors, especially for MyoD and myogenin (44) . Fiber composition was a key factor to assess, as immobilization-induced deconditioning is known to preferentially affect slow-type muscle and to a lesser extent fast-type muscle. Thus, in order not to bias a potential effect, a mixed muscle such as the gastrocnemius was preferentially chosen to mimic better what happens to the diaphragm. Second, gastrocnemius access makes it easy to control for resting position and to adjust shortening during passive shortening. Third, the muscle is large enough to obtain sufficient material for several measurements. Of course, the activity patterns of the gastrocnemius and the diaphragm are very dissimilar, as the diaphragm has a longer duty cycle and is activated throughout the whole life and is likely to be particularly susceptible to the effects of, for example, inactivity (45) .
On the other hand, because fiber length is a major issue, care was taken to induce immobilization and/or passive shortening of the gastrocnemius at a resting length that is known to be close to its optimal length. Of course, spatial arrangement and recruitment profiles are different between the two muscles; however, obviously, these parameters could not be controlled, and as such, they contribute to the limitations of the model. It is also true that 10% shortening may be more (or less) harmful for the diaphragm than for the gastrocnemius. However, it was reasonable to apply the same relative level of shortening to the gastrocnemius as would be experienced by the diaphragm during mechanical ventilation, as actually no literature is available to describe the effect of various extents of shortening on the gastrocnemius function. In fact, there is no skeletal muscle that would perfectly match the properties of the diaphragm, and for this reason, the data of gastrocnemius experiments should be interpreted in the perspective of the limitations of the study.
Conclusions
The data of this study emphasize that short-term mechanical ventilation results in important and multiple alterations of muscle protein and transcription factors at both the mRNA and also the protein levels. Part of these changes is likely to contribute to the diaphragm dysfunction caused by mechanical ventilation. Whether the effects of immobilization-induced deconditioning/ unloading and rhythmic passive shortening would play an important role in the diaphragm alterations seen after mechanical ventilation could not be fully unraveled by this study. Further studies are needed to map the complexity of this phenomenon to improve prevention of the weaning problems and to develop strategies to minimize the effects of mechanical ventilation on diaphragm function.
